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SUMMARY:
Optical levitation is a method for levitating micrometer-sized dielectric objects using laser light. Utilizing computers and automation systems, an experiment on optical levitation can be controlled remotely. Here, we present a remotely controlled optical levitation system that is used both for educational and research purposes.

ABSTRACT:
The work presents an experiment that allows the study of many fundamental physical processes, such as photon pressure, diffraction of light or the motion of charged particles in electrical fields. In this experiment, a focused laser beam pointing upwards levitate liquid droplets. The droplets are levitated by the photon pressure of the focused laser beam which balances the gravitational force. The diffraction pattern created when illuminated with laser light can help measure the size of a trapped droplet. The charge of the trapped droplet can be determined by studying its motion when a vertically directed electrical field is applied. There are several reasons motivating this experiment to be remotely controlled. The investments required for the setup exceeds the amount normally available in undergraduate teaching laboratories. The experiment requires a laser of Class 4, which is harmful to both skin and eyes and the experiment uses voltages that are harmful.

INTRODUCTION: 
The fact that light carries momentum was first suggested by Kepler when he explained why the tail of a comet always points away from the sun. The use of a laser to move and trap macroscopic objects was first reported by A. Ashkin and J. M. Dziedzic in 1971 when they demonstrated that it is possible to levitate micrometer sized dielectric objects1. The trapped object was exposed to an upward directed laser beam. Part of the laser beam was reflected on the object which imposed a radiation pressure on it that was sufficient to counterbalance gravity. Most of the light, however, was refracted through the dielectric object. The change of the direction of the light causes a recoil of the object.  The net effect of the recoil for a particle placed in a Gaussian beam profile is that the droplet will move towards the region of highest light intensity2. Hence, a stable trapping position is created in the center of the laser beam at a position slightly above the focal point where radiation pressure balances gravity.

Since the optical levitation method allows small objects to be trapped and controlled without being in contact with any objects, different physical phenomena can be studied using a levitated droplet. However, the experiment presents two limitations to be reproduced and applied at schools or universities since not all institutions can afford the required equipment and since there are certain risks in the hands-on operation of the laser. 

Remote laboratories (RLs) offer online remote access to the real laboratory equipment for experimental activities. RLs first appeared at the end of the 90s, with the advent of the Internet, and their importance and use have been growing over the years, as the technology has progressed and some of their major concerns have been solved3. However, the core of RLs has remained the same over time: the use of an electronic device with Internet connection to access a lab, and control and monitor an experiment.

Due to their remote nature, RLs can be used to offer experimental activities to users without exposing them to the risks that may be associated with the realization of such experiments. These tools allow students to spend more time working with laboratory equipment, and hence develop better laboratory skills. Other advantages of RLs are that they 1) facilitate for handicapped people to perform experimental work, 2) expand the catalog of experiments offered to students by sharing RLs between universities and 3) increase the flexibility in scheduling laboratory work, since it can be performed from home when a physical laboratory is closed. Finally, RLs also offer training in operating computer-controlled systems, which nowadays are an important part of research, development and industry. Therefore, RLs cannot only offer a solution to both the financial and safety issues that traditional labs present, but also provide more interesting experimental opportunities.

With the experimental setup used in this work, it is possible to measure the size and charge of a trapped droplet, investigate the motion of charged particles in electric fields and analyze how a radioactive source can be used to change the charge on a droplet4.

[bookmark: _Hlk523150353]In the experimental setup presented, a powerful laser is directed upwards and focused into the center of a glass cell4. The laser is a 2 W 532 nm diode-pumped solid-state laser (CW), where usually about 1 Watt (W) is used. The focal length of the trapping lens is 3.0 cm. Droplets are generated with a piezo droplet dispenser and descend through the laser beam until they are trapped just above the focus of the laser. Trapping occurs when the force from the upward directed radiation pressure is equal to the downward directed gravitational force. There is no upper time limit observed for trapping. The longest time a droplet has been trapped is 9 hours, thereafter, the trap was turned off. The interaction between the droplet and the laser field produces a diffraction pattern which is used to determine the size of the droplets. 

[bookmark: _Hlk520635065][bookmark: _Hlk520647523]The droplets emitted from the dispenser consist of 10% glycerol and 90% water. The water part quickly evaporates, leaving a 20 to 30 µm sized glycerol droplet in the trap. The maximum size of a droplet that can be trapped is about 40 µm. There is no evaporation observed after about 10 s. At this point, all water is expected to have evaporated. The long trapping time without any observable evaporation indicates that there is minimal absorption and that the droplet essentially is at room temperature. The surface tension of the droplets makes them spherical. The charge of the droplets generated by the droplet dispenser depends on the environmental conditions in the laboratory, where they most commonly become negatively charged. The top and the bottom of the trapping cell consists of two electrodes placed 25 mm apart. They can be used to apply a vertical electric direct current (DC) or alternating current (AC) field over the droplet. The electric field is not strong enough to create any arcs even if 1000 volts (V) is applied over the electrodes. If a DC field is used, the droplet moves up or down in the laser beam to a new stable equilibrium position. If an AC field is applied instead, the droplet oscillates around its equilibrium position. The magnitude of the oscillations depends on the size and charge of the droplet, on the intensity of the electric field, and on the stiffness of the laser trap. An image of the droplet is projected onto a position-sensitive detector (PSD), which allows users to track the vertical position of the droplet.

This work presents a successful initiative of modernizing teaching and research using Information and Communication Technologies through an innovative RL on optical levitation of charged droplets which illustrates modern concepts in physics. Figure 1 shows the architecture of the RL. Table 1 shows the possible injuries that lasers can cause according to their class; In this setup, a Class IV laser has been used, which is the most dangerous one. It can operate with up to 2.0 W of visible laser radiation, so the safety provided by the remote operation is clearly suitable for this experiment. The optical levitation of charged droplets RL was presented in the work of D. Galan et al. in 20185. In this work, it is demonstrated how it can be used online by teachers who want to introduce their students to modern concepts of physics without having to be concerned about the costs, the logistics or the safety issues. Students access the RL through a web portal called University Network of Interactive Laboratories (UNILabs - https://unilabs.dia.uned.es) in which they can find all the documentation regarding the theory related to the experiment and the use of the experimental setup by means of a web application. By using the concept of a remote laboratory, experimental work in modern physics that requires costly and dangerous equipment can be made available to new groups of students. Furthermore, it enhances the formal learning by providing traditional students with more laboratory time and with experiments that normally are inaccessible outside research laboratories.

PROTOCOL:

NOTE: The laser used in this experiment is a class IV laser delivering up to 1 W of visible laser radiation.  All personnel present in the laser laboratory must have conducted adequate laser safety training.

1. Hands-On Experimental Protocol

1.1. Safety

1.1.1. Make sure everyone in the lab is aware that a laser will be turned on. 

1.1.2. Turn on the laser warning lamp in the lab. 

[bookmark: _Hlk520648983]1.1.3. Check that no watch or metal rings are worn and put on the laser goggles.

1.14. Check that the four light absorbing boards, closest to the experiment, are in place.

1.1.5. Check the space between the laser and the absorbing board for obstacles. Also check that the space between the trapping cell and the beam block is free from objects.

1.2. Prepare the software and the experiment.

1.2.1. Turn on the lab computer. Wait until it is ready to operate.

1.2.2. Open the Remote Startup folder from the desktop and click the icon Main1806.vi. Run the program by pressing the arrow in the top left corner. 

NOTE: This opens the control program (e.g., Labview) shown in Figure 2 and Figure 3 and automatically turns on both the power supply for the laser and the electric field. All buttons referenced from now on in this section refer to those that appear in these figures.

1.2.3. Under “EJS variables”, mark the checkbox named “Laser Remote Enable2” power and set “laser current2” to 25 so that the laser power slide to the right ends up at 25%. Observe the laser beam using alignment laser goggles to make sure that the beam ends up in the beam dump. If not, adjust the position of the beam dump.

1.2.4. Check Drops2 and move the tip of the droplet dispenser until the droplets are falling into the laser beam. Do this by adjusting the translation stage marked with letter A in Figure 4. For that purpose, gently turn the driving screws at the base of the translation stage until the desired position is reached.

1.2.4.1. If no drops are coming, apply some pressure in the syringe until a droplet is shown in the tip of the dispenser. Wipe it off carefully (fragile tip) using a paper with acetone. The droplets should now start coming. When this occurs, start over from point 1.2.4.

1.2.5. Raise the laser power to about 66% using the Laser Current 2 input field and trap a droplet. Uncheck Drops2 as soon as a droplet is trapped.

NOTE: Figure 5 shows a droplet captured in the experimental environment. The lower green dot corresponds to the real droplet, while the upper one is its reflection on the glass of the cell in which the droplet is located. From this moment on, it will be The trapped droplet is now imaged onto the PSD. 

1.3. Determine the size of a droplet.

1.3.1. Adjust the laser power until the PSD position is as close as possible to zero.

NOTE: As droplets can be trapped below or above previous trapping positions, depending on the laser power or the size/weight.  This step is performed to move the droplet image to the center of the PSD.  

1.3.2. Observe the diffraction pattern created on the screen (see Figure 1). Take a picture with the web camera that is positioned to observe the screen from underneath.

NOTE: The pattern is caused by laser light diffracted by the trapped droplet.

1.3.3. Use the picture to determine distances from the line marked 1 to two arbitrary minima in the image. The distance is positive if it is further from the droplet than the line marked 1, else negative. Then, add 40 cm to both distances. Call the shortest a1, and the longest a2. Use Equation 1 to calculate the size of the droplet: 
	
	(1)


where, x is the vertical distance from the droplet to the screen (x=23.5 cm), λ is the wavelength of the laser light (λ =532 nm) and Δn is the number of fringes (integer) between the two minima used in the calculation. 

NOTE: When the droplet is imaged in the middle of the PSD, the distance (x), from the droplet to the screen is 23.5 ± 0.1 cm. A more detailed explanation of the process can be found in the work of J. Swithenbank et al. 6.

1.4. Determine the polarity of the charge of the droplet.

1.4.1 Choose the tab run to the right of EJS variables and set the E-Field DC control2 to +2 V (see Figure 3). Be careful, since the voltage on the electrode is now 200 V.

NOTE: The polarity of the droplet charge is determined by observing how the droplet respond to an applied vertical electric field. A sketch of how the electric field is applied can be seen in Figure 65.

1.5. Determine the charge of the droplet

[bookmark: _Hlk520634533]NOTE: To calculate the charge of the droplet, it is necessary first to measure the size of the droplet. The weight of the droplet can then be determined since the density of the liquid is known. Figure 76 describes the procedure schematically.

1.5.1. Set the E-field DC control2 to zero.

1.5.2. Estimate and note an average value for the position of the droplet by the PSD Normalize Position trace in the Chart Waveform.

1.5.3. Note the value of the laser power. This value will be FRad1 in Equation 2.

1.5.4. Set the E-field DC control2 to + 5V or -5V such that the droplet moves upwards. The droplet is now at a new position. Slowly reduce the laser power until the droplet is back in its original position as noted in Step 1.5.2. Write down the new laser power (FRad2).
If the droplet is lost, check Drops2 and start over from Step 1.2.4.

1.5.5. Use the following procedure to calculate the charge. First, calculate the force from the electric field:

   (2) 

1.5.6.	Determine the absolute charge using the expression

      (3)

Here   is the distance between the electrodes and U is the applied voltage.

2. Remote Experimentation Protocol

2.1. Access the remote laboratory.

2.1.1. Open UNILabs webpage on a web browser: https://unilabs.dia.uned.es/ 

2.1.2. Select the desired language if needed. The option is found at the first item of the menu under the header.

2.1.3. Log in with the following data:
	Username: test
	Password: test

NOTE: The login frame is under the news and introduction info of the webpage.

2.1.3. In the course area, next to the login area, left click on the logo of the University of Gothenburg (GU).

2.1.4. Click on Optical Levitation to access the material of this experiment.

2.1.5. Access the remote laboratory by clicking on Remote Laboratory of Optical Levitation. After that, ensure that the main frame of the webpage show the user interface of the remote laboratory, as shown in Figure 87.

2.2. Connect to the Optical Levitation laboratory.

NOTE: All the instructions here refer to Figure 87.

2.2.1. Click on the Connect button. If the connection is successful, the button text will change to Connected.

NOTE: When a user connects to the remote laboratory, it emits an acoustic signal that warns other people in the surrounding area that someone will power on and manipulate the laser remotely.

2.2.2. Click on Tracking droplets and check that the PSD data is being received. 

NOTE: As there are no droplets captured at this point, the value obtained is not relevant.

2.2.3. Click on General view to identify all elements of the setup: the laser, the droplet dispenser, the trapping cell and the PSD. 

2.3. Trap a droplet.

NOTE: All the instructions here refer to Figure 87.

2.3.1. Once the remote laboratory is connected, click on the Trapping droplets button to visualize the pipette and the droplet dispenser nozzle. 

2.3.2. Click on the Turn on laser button to establish the connection to the laser. 

NOTE: The laser is started manually and independently of the rest of the instruments because it can damage the environment if it is not correctly aligned.

2.3.3. Set the laser power around the first quarter of the control strip, which is situated under the Turn on laser button. Wait until the green light is visible. 

2.3.4. Check the laser alignment. 

NOTE: If the laser is correctly aligned, a thin green light beam will be seen. Otherwise, a scattered green spot will be perceived. In case of incorrect alignment, shut down the system, and contact the lab maintenance services. To contact the maintenance services, click on the icon that represents a speech bubble, located in the upper left corner of UNILabs webpage. Then click on the Admin user message, write down the message at the bottom describing the problem and press Send. This usually does not happen, since all the optics are fixed.

2.3.5. Increase the laser power to 3/4 of the bar. 

NOTE: A power of 60% (550 mW) is enough to capture and keep a droplet levitated.

2.3.6. Press the Start drops button to turn on the droplet dispenser. 

2.3.7. Watch the webcam image and wait until a flash is produced. At that moment, a droplet has been captured.  Check the webcam image again and verify that a droplet is levitating in the center of the trapping cell. Press the Stop drops button to turn off the droplet dispenser.

NOTE: Optionally, it is possible to obtain a larger droplet by catching several of them and waiting for them to merge with the one already captured. It is necessary to bear in mind that if several are caught, the droplet mass increases so that the laser power may not be enough to keep it levitated.

2.4. Determine the size of a droplet.

NOTE: All instructions here refer to Figure 98.

2.4.1. Press the Sizing droplets button to observe the diffraction pattern formed by the trapped droplet.

2.4.2. Follow the same procedure as in the hands-on experimentation protocol (Step 1.3) to determine the size of the droplet by means of the diffraction pattern. 

2.5. Determining the droplet charge polarity.

NOTE: All instructions here refer to Figure 109.

2.5.1. Click on the Tracking droplets button to view the PSD graph and the webcam view of the pipette. 

2.5.2. Click on the Electric Field tab at the bottom left of the user interface.

2.5.3. Set the DC voltage to 100 V. To do this, click on the numeric field to the right of the DC (V) label and enter the value 100.

2.5.4. Check the PSD graph showing the position of the droplet and observe whether the droplet moves upwards or downwards when the electrical field is applied. 

NOTE: The polarity of the plates is arranged so that if a positive voltage is applied, a negatively charged droplet will move downwards and a positively charged droplet will move upwards. 

2.5.6. Now change the value of the electric field and check that the droplet moves in the opposite direction; for this purpose, enter -100 in the DC (V) numeric field.

2.6. Determine the charge of the droplet.

NOTE: All instructions here refer to Figure 109.

2.6.1. Having a droplet trapped, click on the Tracking droplets view. 

2.6.2. Select the Electric Field menu. 

2.6.3. Set the DC electric field to zero with the DC (V) numeric field.

2.6.4. Estimate and note an average value of the droplet position given by the chart and note the laser power.

2.6.5. Set the DC electric field to a value between +500 V and -500 V to make the droplet change its position.

2.6.6. Reduce or increase the laser power with the slider until the droplet is back in its original position and write down the new value of the laser power.

2.6.7. Follow the procedure described in Step 1.5.5 to calculate the droplet charge.

REPRESENTATIVE RESULTS: 
[bookmark: _Hlk523151266][bookmark: _Hlk523150686]When the laser beam is well aligned, and the bottom plate is clean, the drops are almost immediately trapped. When a droplet is trapped it can stay in the trap for several hours, giving plenty of time for investigations. The radius r of the droplets is in the range of 25 ≤ r ≤ 35 µm and the charge has been measured between 1.1x10-17 ±1.1x10-18 C and 5.5x10-16 ±5.5x10-17 C. The size of the droplets stays, according to our measurements, constant over time, but the charge will slowly diffuse away, giving smaller and smaller reactions from the position of the droplet when applying an electric field. This gives the user a chance to measure different charges on the same droplet if he or she is patient enough.

The remote laboratory has been developed using Easy Java/JavaScript Simulations7 and is accessible via the UNILabs website8. As for the local control software of the laboratory, it has been developed using the control software program. The connection of the remote and local software has been developed following the, widely tested, work of D. Chaos et al. 9. The idea of creating a remote laboratory for optical droplet levitation is based on two pillars: 1) to allow researchers from other parts of the world who do not have this setup to work with it and 2) to make this type of experiment available to Physics students.

The environment has been extensively tested both locally and remotely to support the researchers work. It has been shown that droplet capture can take between 2 seconds and 1 minute. This variation is due to pipette cleaning and laser alignment. For this reason, a small amount of maintenance is carried out every day to enable the laboratory to function correctly. Once the droplet has been captured, it can withstand levitating for long periods of time, reaching more than half an hour, a period sufficient to perform all the tasks that the system provides. The fact that several drops can collapse and be trapped, enables users to quickly check the correction of the protocols relating to the calculation of mass and electrical charge, as the difference in the results between two drops collapsed, and a single drop is more significant than if they only compare two unique droplets caught at different moments. In addition, given the stability and reconfigurability of the environment, it serves as a basis for adding new instrumentation and thus enabling new functionality. An example of this fact is an analysis, being carried out nowadays at the University of Gothenburg, to study the influence of radioactive samples on the phenomenon of optical levitation.

The only effective way to allow many students to access this type of experience is through a remote laboratory, mainly for security reasons. Also, research such as that of Lundgren et al. shows that students' experience of working with a remote laboratory is as useful as that of a traditional laboratory10.  The environment allows younger students to discover the concept of optical levitation by observing how the laser beam can effectively levitate matter. The teacher can also introduce electric charge to the students by studying the polarity of the droplets. For more advanced students, the calculation of the droplet mass and charge can be included in the work protocol. 

This laboratory has been used in a physics class in Halmstad, Sweden, with students from the International Baccalaureate (IB) Diploma Program (www.ibo.org). The teacher followed the remote protocol described in Step 2. After the experience, the students were interviewed by asking them questions about the environment, the measurements made, the underlying physical concepts they had learned, and the benefits and disadvantages they perceived from using the remote laboratory. Overall, the students understood the process followed and calculated the size of the drops, obtaining results close to the real size of the trapped drop. They understood the risks involved in using high-powered lasers, and some suggested adding improvements to the visualization of the experiment, such as buying better cameras or including augmented reality elements.

FIGURE LEGENDS:

Figure 1: Architecture of the remote laboratory experimentation. Internet users connect to the UNILabs webpage using their computer or mobile devices. The web environment serves the remote lab JavaScript application that allows to remotely operate the experiment. This application connects to a computer located in the laboratory through the JIL server middleware, which enables the communication between JavaScript applications and LabVIEW programs. Finally, the lab computer communicates with the experimental setup using the necessary DAQ cards and a LabVIEW program.

Figure 2: LabView program: Configuration panel. The configuration tab in the LabView program is used in hands-on mode experimentation for starting the experiment by turning on the laser on and starting the droplets.

Figure 3: LabView program: Run panel. The configuration tab in the LabView program is used in hands-on mode experimentation for determining the charge of the trapped droplets.

Figure 4: Detail of the experimental setup. The droplet dispenser is shown at the top of the image, the cell in the middle and, at the bottom, the web camera. Letter A: the translation stage used to adjust the position of the dispenser inside the cell. Letter B: The lens used by the PSD to perceive the trapped droplet.

Figure 5: A trapped droplet levitating. In the image it is possible to see one of the droplets levitating inside the cell of the setup. The green color is due to the laser and the fact of seeing two dots instead of one is that the droplet is reflected on the glass of the cell. In this case, the upper point is the reflection and the lower point is the droplet.

Figure 65: Electrode configuration for applying electrical fields. Experimental setup for applying the electric field onto the droplet. When a positive voltage is applied, negative charged droplets will move downwards and droplets with positive charge will move upwards.

Figure 76: Determination of droplets charge. A schematic sketch of the procedure to determine the absolute charge of an optically levitated droplet.

Figure 87: Remote lab interface: trapping a droplet. In remote experimentation, this web application interface is used to trap a droplet. A trapped droplet can be seen in the image provided by the lab webcam due to the scattered light.

Figure 98: Remote lab interface: sizing a droplet. In remote experimentation, this web application interface is used to determine the size of a trapped droplet. The diffraction pattern displayed by the lab webcam and the scale allow users to determine the size of the trapped droplet.

Figure 109: Remote lab interface: applying an electric field. In remote experimentation, this web application interface is used to apply an electric field to the trapped droplet. In this example, a 200 V AC electric field is applied. The lab PSD signal is displayed on the graph at the right and it shows the oscillating movement of the droplet following an electric field change which was applied at around t = 10 s.

Table 1: Laser classification summary. The different lasers on the market can be classified according to their hazardousness and the risks involved in their use. The table shows the different types of lasers available (in the left column) and their potential danger (in the right column).

DISCUSSION:
This work presents a setup for carrying out a modern physics experiment in which droplets are optically levitated. The experiment can be performed either in a traditional hands-on way or remotely. With the remote system establishment, students and researchers all over the world can get access to the experimental set-up. This also guarantees the users’ safety, since they do not need to be in presence of the high-power laser and electric fields required for the experiment. In addition, the users can interact with the instrumentation in a very simple way, by sending high-level commands via the computer due to the automation of the set-up. When compared to the hands-on procedure, the remote experimentation offers a very similar experience. One of the key-points of the experiment presented is obtaining the size of the droplets, since it has a big influence on the calculations of the absolute charge. Three different methods have been used to determine the size, and they all agree very well: (1) The method described above (using the diffraction pattern) (2) to oscillate the droplet with a vertical electric field and use the phase difference between the electric field and the position and (3) to visualize the shadow of the droplet on a screen, and with a camera determine the size. The setup is also being prepared for researching trapped droplets in vacuum. First the droplet is trapped in air, then the cell is enclosed, and the air is removed. In this way, it will be possible to investigate the properties of a trapped droplet in vacuum.

With the presented remote lab, the charge and the size of micrometer-sized dielectric particles can be determined. A further development of the setup has provided a way to study micrometer-sized droplet collisions using high speed cameras11. With the experimental set-up as a base, it has been investigated as a sensitive way to track the position of particles using a Sagnac Interferometer12. Our method is used to obtain the charge and size of droplets one by one. The measurements take quite some time to perform, so it is mainly a tool to work with single droplets. If the goal is a good statistic capturing of large numbers of droplets, other methods are better, such as the method presented by Polat13. 

When the measurements are made, the droplet is released and descends onto the bottom of the cell, unfortunately making the bottom glass dirty. This is a long-term constraint since the laser light can scatter, making harder to trap the next droplet. However, it is easily solved with a periodical cleaning of the cell.
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